Fine sediment source fingerprinting techniques have been widely applied in agricultural river catchments. Successful source discrimination in agricultural environments depends on the key assumption that land-use source signatures imprinted on catchment soils are decipherable from those due to other landscape factors affecting soil and sediment properties. In this study, we re-examine this critical assumption by investigating (i) the physical and chemical basis for source discrimination and (ii) potential factors that may confound source un-mixing in agricultural catchments, including particle size and organic matter effects on tracer properties. The study is situated in the River Tamar, a predominantly agricultural catchment (920 km 2 ) in south-west England that has also been affected by mining. Source discrimination focused on pasture and cultivated land uses and channel banks. Monthly, time-integrated suspended sediment samples were collected across seven catchments for a 12-month period. Physical and chemical properties measured in source soils and sediment included fallout radionuclides ( 137 Cs, excess 210 Pb), major and minor element geochemical constituents, total organic carbon and particle size. Source discrimination was entirely dependent on differences in tracer property concentrations between surface and sub-surface soils. This is based on fallout radionuclide concentrations that are surfaceelevated, while many geochemical properties are surface-depleted due to weathering and pedogenetic effects, although surface soil contamination can reverse this trend. However, source discrimination in the study catchments was limited by (i) rotation of cultivated and pasture fields resulting in reduced differences between these two sources, and (ii) the cultivated source signature resembling a mix of the pasture and channel bank sources for many tracer properties. Furthermore, a combination of metal pollution from abandoned historic mines and organic enrichment of sediment from upland areas of peaty soils resulted in the non-conservative behaviour of some tracer properties in several catchments. Differences in the particle size and organic carbon content of source soils could explain much of the variation in these properties in downstream sediment, rather than selective transport effects. Inconsistent relationships between particle size, organic carbon and tracer property concentrations further undermined the basis for the use of widely applied corrections to tracer datasets. Sensitivity analysis showed that correcting source tracer data for differences in organic matter can produce large changes to source contribution estimates that cannot be justified, and such corrections should not be used. Confounding factors related to poor source discrimination and non-conservative behaviour are highly likely to affect sediment fingerprinting studies in many agricultural catchments. As a result, estimates of source contributions in many fingerprinting studies may contain significant unquantified errors.
Introduction
Fine sediment fingerprinting involves the discrimination of sediment sources based on differences in source material properties and quantification of the relative contributions from these sources to sediment delivered downstream in river catchments. The fingerprinting procedure employs statistical testing of a range of source material tracer properties to select a subset that discriminate sources (Collins and Walling, 2002) . These tracers may include geochemical, radionuclide, mineral magnetic, organic constituent, stable isotope and colour properties (Foster and Lees, 2000) . Source un-mixing requires solutions to a set of linear equations that represent the value of an individual tracer property in sediment as a function of the sum of the values of that tracer for each source multiplied by the unknown proportional contribution from each source. Solutions are obtained using optimisation techniques that minimise the sum of errors associated with the equations (Yu and Oldfield, 1989; Collins et al., 1997; Walden et al., 1997) .
Multi-parameter sediment source fingerprinting techniques were initially developed in agricultural catchments, and sought to discriminate pasture, cultivated and forest land uses as well as channel bank sources (Peart and Walling, 1986; Walling et al., 1993; Walling and Pb. Since the initial studies there has been a rapid expansion in research output based on sediment source fingerprinting techniques (see reviews by Walling, 2005; Mukundan et al., 2012) . Besides land use or channel bank sources, other fingerprinting studies have focused on discriminating sources according to geological zones based on soil geochemical as well as spectral-colorimetric properties (e.g. Douglas et al., 2009; Evrard et al., 2011; D'Haen et al., 2012; Legout et al., 2013) . Fingerprinting studies have also examined sediment sources in urban environments (Carter et al., 2003; Poleto et al., 2009) , forest environments including harvest areas and roads (Motha et al., 2003) , and in forest areas disturbed by wildfire, where most studies use fallout radionuclide tracers to discriminate hillslope and channel bank sources (e.g. Wilkinson et al., 2009; Smith et al., 2013) .
However, source fingerprinting techniques continue to be most widely applied in agricultural catchments (e.g. Owens et al., 2000; Gruszowski et al., 2003; Stutter et al., 2009; Collins et al., 2010a; Martínez-Carreras et al., 2010b; Blake et al., 2012) . This reflects demand from land management agencies for information on fine sediment sources and the need to target resources to reduce elevated sediment pollution from agriculture (Gellis and Walling, 2011) . In this context, source discrimination continues to focus on land use, while recent studies have sought to extend this to include sources such as damaged road verges, urban street dust and farm track surfaces (Collins et al., 2010a (Collins et al., , 2012 . With the demand for greater levels of detail and hence inclusion of additional sources related to highly specific landscape features, it is very important to consider the physical and chemical basis for source discrimination that underpins the entire multi-parameter fingerprinting method.
Recent studies tend to present fine sediment source fingerprinting as a robust and highly transferable technique that can deliver accurate estimates of source apportionment with high precision in a range of catchment environments. However, there is a need for further investigation of the extent to which land use-based sources of fine sediment within agricultural catchments can be reliably discriminated and apportioned. A critical assumption underpinning the widespread use of source fingerprinting in agricultural catchments is that land-use source signatures imprinted on catchment soils are decipherable from those due to other landscape factors affecting soil and sediment properties, such as differences in geology, soil type or previous land-use effects (e.g. historic mining). This key underlying assumption for discriminating and apportioning land-use sources has not been adequately acknowledged or challenged in the literature to date.
In this study, we re-examine the application of the fine sediment source fingerprinting procedure to discriminate land use and channel bank sources in agricultural river catchments. The study focuses on the discrimination of pasture, cultivated and channel bank sources of suspended sediment. The objectives are (i) to identify the physical and chemical basis for source discrimination by tracer properties selected using the fingerprinting procedure in agricultural catchments, and (ii) to re-examine the treatment of tracer data for particle size and organic matter effects. It is essential to establish that land use and channel bank source categories can be discriminated and apportioned with confidence, given that these sources form part of all fingerprinting studies in agricultural catchments. Additionally, because source fingerprinting produces proportional results, a large error in the estimated contribution for one source must affect the results for one or more other sources. Therefore, it is very important that errors in source discrimination and apportionment are constrained, and preferably contextualised using catchment sediment load data to assess source-specific mass contributions.
Methods

Study catchments
The study was situated in the River Tamar, a predominantly agricultural catchment located in south-west England (Fig. 1) . The river forms the main boundary between the counties of Devon and Cornwall and drains south into the Tamar Estuary at Plymouth. All source soil and river sediment sampling were conducted above the tidal limit. River monitoring sites were situated at 7 locations comprising 6 sub-catchments nested within the main Tamar catchment (920 km 2 ) upstream of the village of Gunnislake, the study catchment outlet. The monitored sub-catchments include the Rivers Carey (67 km 2 ), Inny (97 km 2 ), Kensey (38 km 2 ), Lyd (219 km 2 ), Ottery (124 km 2 ), and a second measurement site on the main channel of the Tamar in the upper catchment (Tamar Upper; 238 km 2 ).
The topography of the River Tamar is characterised by short, steep hillslopes in the lower and mid-catchment and lower relief, undulating terrain in the upper catchment, where the maximum elevation is only 226 m. The highest elevation areas are located in the east and west of the catchment where the headwaters of the Rivers Inny (maximum 369 m) and Lyd (maximum 581 m) drain the margins of the granitic uplands of Bodmin Moor and Dartmoor, respectively. Most of the catchment is underlain by fine sedimentary rocks that include mudstones, shales and sandstones. However in the Inny and lower Tamar, there are small areas of extrusive igneous rocks (lavas and tuffs). Soils are predominantly loamy, with some peaty soils in upland areas. The extent of floodplain in the Tamar is limited and confined by narrow steep-sided valleys and shallow bedrock. The largest floodplain area is located in the mid catchment, where all the main tributary rivers join the main channel with the exception of the Inny (Fig. 1) .
The River Tamar at Gunnislake has a mean daily flow of 22.4 m 3 s . Flows were elevated between November 2011 and early February 2012 after which there was an extended spring dry period (March-April 2012) followed by an unseasonably wet late spring and summer that was characterised by frequent high flows between 40 and 100 m 3 s −1 . The 2007 UK Land Cover Map (Morton et al., 2011) indicated that for the Tamar catchment above Gunnislake, all types of grassland accounted for 50% of the land area, with 36% covered by arable land, and 11% by deciduous and coniferous woodlands. The proportion of land classified as arable is changeable in relation to seasons and field rotation, such that many pasture fields may also be periodically cultivated. There are large numbers of mostly 19th Century abandoned metal mines in the southern part of the catchment, mainly in the area around Gunnislake, as well as in the Lyd, Inny and Kensey tributaries. The other sub-catchments are unaffected by mine drainage. Metal pollution from abandoned mines is a problem in the lower catchment. Previous work has estimated mine point source contributions to downstream metal contaminant fluxes and found that N50% was unaccounted for by the surveyed point sources (Mighanetara et al., 2009 ).
Source and suspended sediment sampling
Catchment sources were classified as either surface soil divided according to pasture and cultivated land uses or sub-surface soil derived predominantly from channel banks. No gullies were observed in the catchments. Sub-surface drainage of agricultural land could contribute subsoil to streams, although previous work indicated drains are a delivery pathway for mostly topsoil-derived sediment Chapman et al., 2005) . Surface soil sampling locations were selected from across the Tamar catchment based on the general criteria of (i) proximity and potential connectivity to streams, (ii) access, and (iii) possible evidence of erosion or degradation of pasture sites. Due to analytical constraints on source sample numbers, it was not possible to collect a discrete set of source samples for each sub-catchment. Instead, source samples collected from across the Tamar were pooled and used in un-mixing source contributions for each river sampling location. Sampling of pasture and cultivated sites was distributed across the entire catchment ( Fig. 1) to capture potential variability in fingerprint properties associated with differences in rainfall, geology and aspect within these two land use categories. However, it should be noted that the geology of the catchment is very uniform, with 94% of its area underlain by similar sedimentary rocks.
Surface soils under woodland were not sampled as part of the source characterisation. Initially, woodland soils were to be collected for analysis. However, following inspection of several woodland sites it was found that a plant litter layer 0-5 cm deep and comprised almost entirely of organic material covered the soil. This made sampling of mineral surface soil that could be exposed to surface erosion impossible. Furthermore, there was no evidence of surface erosion in these woodland locations, which is supported by studies in the UK that show minimal erosion and sediment contributions from woodlands (Evans, 1990; Walling et al., 1999) . Therefore, it was decided to focus the sampling effort on those land uses that covered most of the catchment and represent a credible source of mineral sediment.
Composite soil samples were collected from all sources. This included 18 composite samples from pasture areas, 12 composites for cultivated areas and 20 composites from channel banks. For surface soils, a minimum of 10 individual samples were collected from 0 to 2 cm depth along transects at approximately 10 m intervals and combined in the field to form a single composite sample. At some sites more individual samples were taken in order to collect material from a wider area. In total, 349 individual surface soil samples were collected from 30 locations around the catchment.
For channel bank sampling, actively eroding channel reaches were selected for sampling following reconnaissance of the channels within each sub-catchment and along the main channel of the River Tamar. In total, 8 composite samples were taken from along the main channel and the remaining 12 were collected from tributary streams. Channel bank sampling involved collection of even scrapes of bank material from the bank top to base. This sampling protocol was based on the recognition that over sufficient time banks will erode across the entire bank height, either by instantaneous collapse or non-synchronous lower and upper bank retreat through a combination of erosion by flow scour and sub-aerial processes (Prosser et al., 2000; Couper and Maddock, 2001; Smith and Dragovich, 2008) . A minimum of 10 scrapes were collected for each composite sample. Sampled banks varied in height between 0.5 and 1.5 m.
Suspended sediment was collected at the 7 river monitoring sites using in situ time-integrated samplers based on the design outlined by Phillips et al. (2000) . The samplers were made from polyvinylchloride (PVC) tubes 1 m in length and 0.11 m in diameter with sealed caps at both ends that contained 3 mm diameter inlet and outlet tubes. Water and suspended sediment pass through the narrow inlet tube and enter the PVC tube where the change in cross-sectional area promotes a reduction in flow velocity and sedimentation (Phillips et al., 2000) . The samplers were installed in pairs at riffles and fixed to lengths of rebar that were hammered into the channel bed. Sampling intervals were approximately monthly, although this varied in relation to water level which sometimes limited site access. Suspended sediment sampling was undertaken over a 12-month period from mid-September 2011 until the start of October 2012 for all sites except the River Carey. At this site, sampling commenced in November 2011 and only 10 samples were collected monthly.
Laboratory analyses
Source soil samples were initially air-dried, gently disaggregated using a mortar and pestle and sieved to b63 μm. It was necessary to oven-dry some wet soil samples at 40°C. Water and sediment captured by the time-integrated samplers were removed from the field in 20 l containers and stored in a cold room for 24 h. This allowed settling and extraction of most of the water by siphon. The remaining sedimentwater mix was centrifuged at 3000 rpm for 20 min and the supernatant decanted. The sediment samples were freeze-dried for 48 h, then gently disaggregated and sieved to b63 μm for analysis. Bi emissions). Count times were typically 24 h, although some low mass sediment samples were counted for 48 h. Analytical performance was assessed by inter-laboratory comparison tests using reference materials supplied by the International Atomic Energy Agency.
Following gamma spectrometer measurements, all samples were unpacked and sub-sampled for analysis by X-Ray Fluorescence (XRF) using a Niton XL3T 950 He GOLDD+ XRF Analyser mounted in a laboratory test stand with He gas purging to permit measurement of light elements. Samples were analysed for major and minor elements (Mo, Nb, Zr, Sr, Rb, Bi, As, Se, Au, Pb, W, Zn, Cu, Re, Ta, Hf, Ni, Co, Fe, Mn, Cr, V, Ti, Ca, K, Ba, Sb, Sn, Cd, Pd, Ag, Al, P, Si, Cl, S and Mg). Only those elements returning measurements above the limit of detection have been employed in the analysis. P was also excluded on the basis of the risk of non-conservative behaviour during downstream transport (Granger et al., 2007) .
The unpacked soil and sediment samples were further sub-sampled and measured for total organic carbon (TOC) by the difference between total carbon and inorganic carbon using a Skalar Primacs Carbon Analyser. The particle size distribution of the sieved samples was measured using a Malvern 2000 series laser granulometer. Sub-samples were digested in hydrogen peroxide over 24 h to remove organic matter and disaggregated in an ultrasonic bath prior to particle size analysis. Each sample was run in quintuplicate and the resulting data was checked for any large deviations from the average particle size distributions. Particle size data were used to calculate the specific surface area (SSA, m 2 g −1
) by assuming particle sphericity.
Sediment fingerprinting procedure
The standard sediment source fingerprinting procedure is based on (i) statistical analysis of difference to identify a subset of tracer properties that discriminate the target sediment sources followed by (ii) the use of multivariate mixing models comprised of a set of linear equations for each selected tracer property to estimate the proportional contributions from each source (Yu and Oldfield, 1989; Collins et al., 1997; Walden et al., 1997) . Tracer data often undergoes pre-treatment for particle size and organic matter differences between source soils and sediment. Uncertainty in source estimates is quantified using a Monte Carlo routine that repeatedly solves the mixing model using random samples drawn from probability distributions derived for source groups (Franks and Rowan, 2000) .
Particle size and organic matter effects
Prior to the statistical analysis, tracer data is often pre-treated to account for potential particle size or organic matter differences that could affect the comparison of tracer concentrations between source soils and sediment. Pre-treatment of data involves the use of correction factors applied to the b63 μm fraction to account for differences in particle size (e.g. Collins et al., 1997; Gruszowski et al., 2003) and in some studies for organic matter as well (e.g. Collins et al., 1997 Collins et al., , 2010a Collins et al., , 2012 . These corrections have been justified on the basis of (i) the preferential adsorption of some tracer properties to finer particles (Horowitz, 1991; He and Walling, 1996) and (ii) the potential for selective transport of fines and organic matter which can become enriched in downstream sediment compared to source soils (Collins et al., 1997; Walling, 2005) . As an alternative, a very fine fraction (b10 μm) may be extracted to minimise the particle size effect on tracer concentrations and avoid the need for particle size correction (e.g. Wallbrink et al., 2003; Smith et al., 2012) . While this might be preferred over the use of correction factors, such a very fine fraction may be less representative of the transported sediment (Koiter et al., 2013) . Several fingerprinting studies have not corrected for particle size differences because analysis of particle size indicated no difference between source soils and sediment (Evrard et al., 2011 , while others have not corrected for organic matter due to the risk of over-correction (Walling et al., 1999; Martínez-Carreras et al., 2010a) .
The standard particle size and organic matter correction is based on the ratio of specific surface area (SSA) or total organic carbon (TOC) content of each individual sediment sample to the mean SSA or TOC of each source type multiplied by the mean tracer concentration for each source (Collins et al., 1997) . Therefore, for each sediment sample, there is a set of corrected mean tracer concentrations for each source type to use in source un-mixing. This straightforward approach to particle size and organic matter corrections relies on the assumption that a positive linear relationship exists between SSA or TOC and tracer concentrations for all tracer properties used. There is evidence of a general positive relationship between SSA and various acid extractable metals (Horowitz and Elrick, 1987) and fallout radionuclides (He and Owens, 1995; He and Walling, 1996) , reflecting the increasing adsorption potential of larger SSA (in m 2 g
−1
). However, it appears that these relationships are often non-linear and probably logarithmic in form, particularly over 1.0 m 2 g −1 (Horowitz, 1991; Russell et al., 2001 ).
Nonetheless, simple linear corrections may be a reasonable approximation over narrow ranges in SSA. For larger ranges, such as in the study by Russell et al. (2001) where SSA varied from 0.5 to 4.0 m 2 g −1
, or where the relationships between particle size and tracer properties are more complex (e.g. Foster et al., 1998) , measurement of the specific relationships between particle size and individual tracer property concentrations will be required. In contrast to SSA, no clearly generalizable relationship is apparent for organic matter, with the relationship highly dependent on individual tracer properties and the type of organic matter (Horowitz, 1991) . Furthermore, SSA and organic matter content tend to exhibit a positive correlation (Horowitz and Elrick, 1987) . As a result, correcting for both SSA and organic matter content could lead to significant over correction and errors in source apportionment.
In the present study, the relations between source soil and sediment SSA, TOC and tracer property concentrations were explored. Bi-plots of SSA versus TOC were used to examine the distribution of sediment from the 7 river monitoring sites relative to data for the three source categories. Bi-plots offer a simple visual means to qualitatively assess conservative behaviour in these two key variables. The strength and direction of linear relationships between individual tracer property concentrations and both SSA and TOC were measured using Pearson correlation coefficients for source soil and sediment datasets.
Statistical analysis for source discrimination
The range in tracer property concentrations in sediment relative to concentrations in source soils has not been specifically reported in source fingerprinting studies until recently (Martínez-Carreras et al., 2010a; Wilkinson et al., 2012) . In contrast, source tracing studies using mineral magnetic and fallout radionuclides have frequently provided such information in the form of bi-plots showing source and sediment sample concentrations (e.g. Walden et al., 1997; Wallbrink et al., 2003; Blake et al., 2006; Smith et al., 2011 Smith et al., , 2012 Owens et al., 2012) . While it is impractical to use bi-plots to examine the multiple tracer properties used in most fingerprinting studies, examination of the range of source and sediment tracer concentrations is an important assessment of the conservative behaviour of each tracer property. In the present study, the range in source tracer concentrations was compared to the range in sediment concentrations for each river, with those tracer properties falling outside the range in source values removed from subsequent analysis.
Statistical analysis of tracer properties first involves using the nonparametric Kruskal-Wallis H test to identify those tracer properties that do not exhibit a significant difference between source categories (Collins and Walling, 2002) . It tests the null hypothesis that tracer properties exhibit no significant differences between source categories. Larger differences between categories result in an increase in the H statistic. However, the H test does not confirm differences between all possible paired combinations of source categories. Therefore, stepwise Discriminant Function Analysis (DFA) is used to further assess the discriminatory power of those tracer properties that pass the Kruskal-Wallis H test (Collins and Walling, 2002) . The DFA identifies an optimum source fingerprint that comprises the minimum number of tracer properties that provide the greatest discrimination between the analysed source materials based on the minimisation of Wilks' lambda. The lambda value approaches zero as the variability within source categories is reduced relative to the variability between categories based on the entry or removal of tracer properties from the analysis. The results of the DFA are used to examine the proportion of samples accurately classified into the correct source groups.
Source un-mixing and sensitivity analysis
The multivariate mixing model is based on a set of linear equations where each selected tracer property has an equation relating the tracer concentration in a sediment sample to the sum of the mean tracer concentrations for each source multiplied by the respective unknown proportional source contributions. Solutions to the mixing model are obtained by using an optimisation procedure that selects values for P s which minimises the sum of squares of the relative errors in the objective function (f), as in Eq. (1):
where C i is the concentration of tracer property (i) in the monthly suspended sediment samples; P s is the optimized proportional contribution from source (s); S si is the mean concentration of tracer property (i) in source (s); Z s is the particle size and O s is the organic matter correction factor for source (s); W i is the tracer specific weighting; n is the number of tracers and m is the number of sediment sources. In the present study, the particle size and organic matter correction factors were only used in a sensitivity analysis of source apportionment results. The model is constrained by the requirements that proportional source contributions lie between 0 and 1 and the proportional source contributions sum to 1. The tracer-specific weighting was included so that the tracer properties with least variance exerted greater influence on mixing model solutions. It was calculated as the inverse of the square root of the variance of tracer data for each source that had been standardised by the respective source means (Collins et al., 1997) . Furthermore, testing of the local optimisation procedure using multiple random start values resulted in no change compared to single solutions for un-mixing of monthly suspended sediments samples for all catchments, indicating that this local optimisation method was sufficient and use of global optimisation was unnecessary (see also Collins et al., 2010b; Wilkinson et al., 2012) .
The model Goodness of Fit (GOF) was tested for every suspended sediment sample and each tracer property that formed part of the optimum fingerprint selected for each catchment. The GOF (%) was based on the calculated relative difference between actual and modelled values (Motha et al., 2003) , as in Eq. (2):
Uncertainty in source apportionment results was determined using a Monte Carlo sampling routine (cf. Franks and Rowan, 2000; Small et al., 2002) . This procedure involved solving the mixing model based on random sampling of mean source tracer concentrations for 1000 iterations. The mean values were represented by Student's t distributions derived from the mean, standard deviation and sample number for each source sample group. Individual monthly sediment samples were represented by a single tracer concentration. Proportional source estimates generated by the sampling routine were used to provide 95% confidence intervals for mean source contributions based on the 97.5 and 2.5 percentiles for each monthly sediment sample.
Sensitivity analysis of source apportionment results was performed by changing specific input terms to the mixing model related to different data treatments. This analysis quantified the difference in estimates of proportional source contributions between test runs. Model runs used the optimum composite fingerprints (i.e. all tracer properties that were selected by the DFA) and the following inputs: (i) uncorrected mean source values, (ii) uncorrected median source values, (iii) mean source values corrected for SSA only and (iv) mean source values corrected for both SSA and TOC. Solutions to the mixing model were obtained by directly using the mean or median values of the source tracer concentrations for each set of input conditions to isolate the effect of the change in inputs on mean monthly source apportionment results. Comparison of mean monthly proportional source contributions based on the Monte Carlo sampling routine with solutions based directly on mean values of the tracer concentrations indicated a difference of only ± 0.01 for all catchments except the Carey, where the difference was 0.03.
Results and discussion
Testing particle size and organic matter corrections
Bi-plots show that differences in SSA and TOC between source soils may have a large effect on SSA and TOC characteristics in sediment from each of the river monitoring sites (Fig. 2) . Kruskal-Wallis H tests indicated that source category differences were significant for both SSA (H = 17.95; p b 0.000) and TOC (H = 37.11; p b 0.000). For the Tamar Upper, Ottery, Carey, and Tamar Gunnislake sites, SSA and TOC variations in suspended sediment could be entirely explained by source properties alone. For the Kensey, Lyd and Inny, there was clear evidence of TOC enrichment in some sediment samples compared to sources, which could result from erosion of areas of peaty soils in the headwaters of these three tributaries. The Inny exhibited a slight reduction in SSA, reflecting an increase in particle size relative to sources. Temporal changes in contributions from sources could also have an important effect on the SSA and TOC content of suspended sediment samples. However, in many previous fingerprinting studies the difference in particle size and organic matter content between sources and sediment samples has only been attributed to particle sorting and the enrichment of fines and organic matter associated with downstream selective transport (e.g. Collins et al., 1997) , rather than to differences between sources. As such, correcting tracer concentrations for each source group using the ratio of sediment-to-source SSA or TOC could alter the key relative differences in tracer concentrations between sources that form the basis for effective source discrimination.
As ferences between sources were altered by using corrections. Notably, the SSA and TOC correction factors employed here were within the range of factors previously used to correct data from equivalent source types (Collins et al., 1997) .
To examine potential linear relationships with tracer property concentrations in source soils and sediment, Pearson correlation coefficients were computed for SSA (Table 1) and TOC (Table 2 ). These tables show that the occurrence of significant correlations was variable across tracer properties, source categories and sampled rivers for both SSA and TOC. No tracer properties exhibited significant correlations across all sources and sediment from all rivers for either SSA or TOC, although some properties did show pronounced trends. Nor were the significant correlations all positive, as might have been expected, given that SSA and TOC tracer corrections are based on this assumption. This analysis does not isolate the effect of SSA or TOC on tracer concentrations, which reduced the strength of correlations. However, it does allow the identification of trends across source and suspended sediment groups. For example, Zn, Mn, Fe, Rb, Sr, S and Ca showed significant positive correlations with SSA for at least 4 of the 7 river monitoring sites (Table 1) . This was consistent with previous observations of the relationship with SSA for Zn, Mn, and Fe (Horowitz and Elrick, 1987) as well as for Rb (Rawlins et al., 2010) in river sediment. In contrast, Si and Zr displayed significant negative correlations with SSA for most river sediments, while for Zr this also extended to all three source groups. The negative relationship for Si and Zr may reflect a mineral compositional control related to preferential association with the silt fraction (Cuven et al., 2010) , and hence a negative relation to SSA. For TOC, consistent significant positive correlations existed with S, Ca, Zn and Fe, whereas there were significant negative correlations for Zr and Ti for 4 or more source and river sediment groups ( Table 2 ). The positive relationships presumably reflected associations with organic matter and the formation of metal-organic complexes (Horowitz, 1991; House and Denison, 2002) . In contrast, the mineral origins of Zr and Ti resulted in a negative relationship as increasing TOC reduces the mineral fraction and therefore the concentration of these elements in the samples.
The correlation analysis demonstrates that a positive linear relationship between SSA or TOC and tracer concentrations cannot be assumed to apply uniformly to all the tracer properties examined in the present study. However, many source fingerprinting studies based on geochemical properties apply uniform SSA and TOC corrections without consideration of either the strength or direction of these relationships. As a result of the evidence indicating that (i) much of the variability in SSA and TOC can be explained by differences between sources with noted exceptions and (ii) the inconsistency in the strength and direction of relationships between tracer concentrations and SSA and TOC, the tracer data employed in the subsequent analysis were not corrected. We considered that errors incurred through inappropriate corrections were more likely to exceed those resulting from the use of uncorrected data. Furthermore, comparison of ranges in source and sediment tracer concentrations provided an additional control on conservative behaviour without the need for corrections. Fig. 2 . Plots of specific surface area (SSA) versus total organic carbon (TOC) for monthly suspended sediment samples collected from each river sampling site compared with grouped data for source soil samples collected across the entire Tamar catchment. Note the source data are the same in each plot as well as the differences in y-axis scales.
Table 1
Pearson correlation coefficients (r) and associated p values for correlations between specific surface area (SSA) and tracer property concentrations for source soil and suspended sediment samples. Significant correlations are indicated in bold for both the 0.05 significance level (*) and the 0.01 level (**). 
Tracer property
Sources River sediment Cultivated Channel banks Pasture Tamar Upper Ottery Carey Kensey Lyd Inny Tamar Gunnislake r p r p r p r p r p r p r p r p r p r
Tracer conservative behaviour and selection of optimum source fingerprints
The procedure for selection of the optimum source fingerprint for each river monitoring location in the Tamar catchment is summarised in Table 3 , which lists the tracer properties included at each step. The comparison of the range in tracer concentrations for source and sediment samples resulted in the exclusion of the largest number of properties from the Rivers Kensey, Lyd and Inny. This probably reflects organic enrichment in some suspended sediment samples, which may be related to the presence of areas of peaty soil in the headwaters of these rivers. Furthermore, these catchments along with the lower Tamar catchment upstream of Gunnislake contain abandoned 19th Century metal mines. This probably accounts for exclusion of Fe, Mn and Zn due to mining contamination of river sediment.
The Kruskal-Wallis H test resulted in the exclusion of Sr, Rb, V, Ti and K for all rivers catchments. This includes 3 alkaline earth and alkali metals (Sr, K and Rb), which may have been expected to vary with soil depth as a function of weathering processes (Tyler, 2004) . Examination of box-plots for these elements indicated poor discrimination between cultivated and channel bank soils. Both these sources involve mixing of surface and sub-surface soil, which appears to compromise the discrimination potential for these tracers. In addition, Ti occurs in silicate or oxide minerals that are typically highly resistant to weathering (Dawson et al., 1991; Cornu et al., 1999) , which probably explains the poor discrimination between surface and sub-surface soils.
The DFA selected the optimum source fingerprints for each river catchment based on the tracer properties passing the first two steps. The optimum fingerprint comprises the minimum number of properties that provide the greatest discrimination between sources. For the Tamar Upper, Ottery, Carey and Tamar Gunnislake monitoring sites, apparently good source discrimination were achieved based on Wilks' lambdas of 0.066-0.068 and the percentage of correctly classified sources varied from 92 to 98% (Table 3) . However, for the remaining Kensey, Lyd and Inny sites, source discrimination was less successful. For the Kensey and Inny, the optimum fingerprint comprised 3 tracer properties each and correctly classified sources in 76 and 86% of cases, respectively (Table 3) . For the Lyd only one property passed the DFA ( 137 Cs). The loss of tracer properties during the preceding steps for the Kensey, Lyd and Inny resulted in reduced source discriminatory power. It is apparent that factors specific to these catchments, namely the presence of peaty soils and mining contamination, probably affected the conservative behaviour of some tracers during downstream transport. These factors did not affect the other tributaries (Tamar Upper, Ottery and Carey). Sediment sampled at Tamar Gunnislake represents a mixture from all upstream tributaries. However, a sufficient number of tracer properties passed each step to provide reasonable source discrimination at this site. Evidently mixing and dilution of sediment from all tributaries lessened the impact of the factors affecting tracer conservative behaviour in several of the tributaries. These results emphasise the importance of identifying non-conservative behaviour in tracer properties when selecting optimum source fingerprints. The conservative behaviour of tracer properties has received comparatively Table 3 Tracer properties included at each step in the sediment fingerprint selection procedure using all source samples. Suspended sediment samples were only used to compare ranges in tracer property data between sources and sediment for each river catchment (step 1).
Step limited attention in previous studies, despite its importance for source fingerprinting (Foster and Lees, 2000; Koiter et al., 2013) .
Physical and chemical basis for source discrimination by fingerprint properties
Differences in tracer concentrations between the three sources reflect processes differentiating physical and chemical properties of surface and sub-surface soils. Channel banks comprised mostly sub-soil material, with inclusion of some surface soil through sampling of the entire bank profile. In the Tamar catchment, the sampled bank heights ranged from 0.5 to 1.5 m. Cultivated soils included a mixture of surface and sub-surface soil that had been turned over by ploughing to an approximate depth of 25 cm, whereas pasture soils should have included only surface soil, which was sampled to a depth of 2 cm.
Comparison of tracer properties selected by the statistical procedure for all rivers indicated general coherence in the relative differences between sources for mean and median values (Table 4) . Key exceptions were Al, where the mean value for cultivated was less than channel banks, but the reverse was true for medians. For Pb, the mean source value for cultivated exceeded pasture, but this was reversed for medians, while cultivated was less than pasture for mean Fe values, but was reversed for medians. In all cases the concentration differences between these source pairs were small, and mean and median values were within uncertainty. However, this indicated that these tracers provided low discriminatory power between these source pairs.
Fallout radionuclides ( 137 Cs, 210 Pb ex ) are effective sediment source tracers because of their accumulation in the surface soil and tendency to strongly adsorb to fine particles (Wallbrink and Murray, 1993; He and Walling, 1996) . Both radionuclides are gradually transferred down the soil profile by a combination of geochemical diffusion, bioturbation and elluviation processes (Walling, 2003; Mabit et al., 2008) . This results in distinct undisturbed soil depth profiles for these radionuclides, which peak at or near the soil surface and decline exponentially with depth (Wallbrink et al., 1999) . Cultivated soils tend to display a relatively uniform activity concentration to the depth of the mixed plough layer, with generally negligible levels below that depth (Walling, 2003) .
These patterns were evident in measured 137 Cs and
210
Pb ex activity concentrations (Table 4) . Minimum values occurred in channel bank soil, increased for cultivated soils and reached a maximum in pasture surface soils. Radionuclide concentrations were lower in channel bank samples because these comprised mostly sub-soil material containing negligible activity. Depending on the slope of the bank profile, some direct contributions of 210 Pb ex may have occurred through continuing fallout, whereas for 137 Cs bomb-test fallout has ceased and there was negligible fallout from the 1986 Chernobyl nuclear disaster in southwest England (Walling et al., 1989 ). Besides variability in fallout and surface soil redistribution, this probably also reflects previous cultivation of many fields that were under pasture at the time of sampling. The cultivation effect will persist for 137 Cs in the absence of continued fallout, whereas it will gradually reset for 210 Pb ex with continuing fallout and down-profile transfer. However, the frequency of field rotation may prevent re-establishment of an undisturbed pasture profile. Therefore, fallout radionuclides are likely to provide reduced precision in the discrimination of pasture versus cultivated surface soils in agricultural areas where pasture fields are periodically cultivated.
Soil geochemical properties may discriminate surface and subsurface soil on the basis of differences resulting from weathering gradients that vary with soil depth, surface soil contamination or through vegetation decomposition and nutrient cycling in surface soils. Higher concentrations of Al, Cr, Fe, and Zn observed in channel bank sources compared to cultivated or pasture soils could reflect the larger contribution of less weathered sub-surface material, in the absence of a contamination signal in surface soils (Dawson et al., 1991; Tyler, 2004; Kříbek et al., 2010; Bini et al., 2011) . Si may have been expected to follow a similar pattern. The lowest concentrations of Si occurred in pasture surface soils, whereas the highest occurred in cultivated soils, which is inconsistent with a purely depth-dependent weathering profile. In contrast, pasture soils had the highest concentrations of S and Ca, presumably reflecting the supply to surface soils by atmospheric deposition, vegetation decomposition and nutrient cycling (Evans et al., 1997; Jackson, 2001, 2004) . S exhibited a significant positive relationship with TOC for all source soils (Table 3) . Higher values of Pb occurred in pasture and cultivated soils than in channel banks. Differences were small but the higher Pb could reflect atmospheric deposition from anthropogenic sources (Blake and Goulding, 2002) .
Principal components analysis (PCA) provides a useful means to analyse variance in multi-tracer datasets and reduce dimensionality (D'Haen et al., 2012) . In the present study, we used PCA to examine trends in tracer properties selected by the DFA to form the optimum composite fingerprints (Table 3) . Score and loading plots are shown for the first two principal components for each river monitoring site (excluding the River Lyd) in Fig. 3 . Combined, the first two components Table 4 Mean and median values for the uncorrected tracer properties selected as part of the optimum composite fingerprint for each catchment. Means are reported with standard errors (SE) and medians with median absolute deviations (MAD). The units are Bq kg −1 for the fallout radionuclides ( account for between 69 and 91% of the total variance in the source fingerprint data for the catchments. The PCA score plots highlight the better source discrimination achieved for Tamar Upper, Ottery, Carey and Tamar Gunnislake, in contrast to the Kensey and Inny which have fewer tracer properties. The score and loading plots can be used to examine which tracer properties exerted the largest effect on variance in the data. The first principal component largely represents the difference between channel bank and pasture sources. Discrimination between these two sources was dependent on the differences in concentrations of Al, Zn, 210 Pb ex , 137 Cs, S and Ca between surface and sub-surface soil. The second component tends to capture the difference between pasture and cultivated sources, and largely corresponds with discrimination by Si, which formed part of the fingerprint for all catchments in Fig. 3 except the Kensey and Inny. This presumably accounts for the poor discrimination of cultivated sources for these two catchments.
For the successful application of the source fingerprinting procedure, it is essential that the physical and chemical basis for source discrimination is considered. The results from the Tamar catchment show that difficulties may arise when attempting to discriminate surface soils according to pasture versus cultivated land uses. This can result from alternating land-use histories associated with field rotation, such that the pasture and cultivated source signals become less distinct . Typically, channel bank and pasture Fig. 3 . Principal components analysis (PCA) score (left column) and loading (right column) plots of the first two principal components (PC1 and PC2) for six river sampling sites (excluding Lyd) in the Tamar catchment.
Table 5
Estimated mean proportional source contributions to monthly suspended sediment samples collected at 6 of the 7 river monitoring sites and the associated mean 95% confidence interval (CI) range and mean goodness of fit (GOF) based on the Monte Carlo analysis. surface soils may be differentiated based on differences in the concentration depth profiles of fallout radionuclides (surface elevated) and geochemical properties sensitive to weathering (surface depleted). During source un-mixing, the cultivated source fingerprint could also resemble a mix of these two sources, unless additional properties can be found to distinguish the cultivated source. In the present study, Si provided this additional discrimination, but it did not pass the statistical selection procedure for all catchments.
Catchment source contributions and uncertainty
Proportional source contributions to monthly suspended sediment samples were estimated for the river monitoring locations across the River Tamar catchment. This excluded the River Lyd where only one tracer passed the statistical selection procedure (Table 3) . Source unmixing used all tracer properties that were selected by the DFA for each river catchment and the model goodness of fit (GOF) was calculated for each sediment sample and tracer property.
Mean proportional contributions from pasture, cultivated and channel bank sources varied across the six catchments over the 12 month monitoring period (Table 5) . Cultivated sources were estimated to contribute an apparently minor amount of sediment to all rivers except the Kensey. However, the Kensey had the lowest mean GOF and the largest predicted uncertainty. Coupled with poor discrimination of cultivated sources by the Kensey fingerprint (Table 3 ; Fig. 3 ), the source apportionment results for this catchment should not be considered reliable. Likewise, robust source apportionment for the Inny is unlikely due to poor discrimination of the cultivated source (Fig. 3) , despite the higher GOF compared to most other sites. GOF should not be misinterpreted as indicating the accuracy of source apportionment results because it includes no information on the level of source discrimination achieved by selected tracer properties.
The remaining four catchments had mean GOF values of 82-88% and better source discrimination, as reflected in the DFA results and inclusion of Si in each composite fingerprint to distinguish cultivated sources. Nonetheless, the range in predicted upper and lower 95% confidence intervals for these catchments was from 0 to 0.25 with a mean of 0.14. Source apportionment results indicated that channel bank sources (0.63) dominated suspended sediment export for Tamar Gunnislake, whereas pasture sources (0.60-0.66) dominated in the Carey and Ottery catchments (Table 5 ). The Tamar Upper catchment received suspended sediment primarily from channel banks and pasture sources in similar proportions, with an apparently negligible input from cultivated sources.
The absence of a cultivated source signal in the source apportionment results for the four catchments was unexpected, given that the Tamar catchment contains a significant cultivated area, which includes maize and wheat. The 2007 land cover map indicated 36% of the catchment area was arable, while in 2000 the area of arable land was approximately 21%. This increase in arable land was almost entirely due to conversion from pasture. On the basis of these land-use data, it seems very plausible that the source un-mixing could have failed to capture a cultivated source input because (i) the rotation of fields between pasture and cultivation contributed to reduced discrimination between current pasture and cultivated fields and (ii) the potential for the cultivated source signature to resemble a mix of pasture and channel bank inputs. Inclusion of Si partly addressed these issues, but it is only 1 tracer out of the 5 or 6 used in source un-mixing for these catchments.
Previous published source fingerprinting work in the Tamar catchment provides a useful context and comparison for the present investigation. These studies focused on determining surface and sub-surface source contributions to fine sediment stored in gravels on the channel bed . Sediment sampling locations were located in the Inny, Ottery, Lyd and the upper main channel of the Tamar. A repeat study by Collins et al. (2010c) used the same channel bed sampling locations with the aim of identifying the effect of riparian fencing on channel bank sediment contributions. Only mean source contributions were reported in both studies for the whole Tamar, with initial surface and sub-surface inputs of 0.69 and 0.31 and subsequent inputs of 0.84 and 0.16 (Collins et al., 2010c) . Differences in the method and timing of sampling along with presentation of data hinder direct comparison of previous work with the present study. Nonetheless, channel bank source contributions (0.40-0.52) for the Tamar Upper and Ottery sites are much higher than the overall Tamar mean value of 0.16 reported by Collins et al. (2010c) , which is inconsistent with the claim that riparian fencing resulted in a meaningful reduction in channel bank sediment inputs (from 0.31 to 0.16). Attributing changes in proportional source contributions to the effect of catchment management actions or disturbances is tenuous in the absence of sediment load data or an untreated control catchment . The apparent reduction in proportional channel bank inputs in these previous studies could also be explained by an increase in hillslope Table 6 Sensitivity analysis of the effect of changes to data treatment on mean monthly proportional source contributions for four of the river catchments that were selected on the basis of reasonable source discrimination (DFA and PCA) and model performance (GOF). erosion. The fingerprint properties used in source un-mixing may also have had an important effect on the source apportionment results given the potential for non-conservative behaviour of some tracer properties in the Tamar catchment but information on these was not provided to permit comparison. Furthermore, it is relevant to note that Walling et al. (2003) applied both SSA and TOC correction factors in some catchments, while Collins et al. (2010c) used only SSA corrections. These differences in data treatment may have had a large effect on source apportionment results, as is shown in the following sensitivity analysis.
Sensitivity of source apportionment results to changes in data treatment
Applications of the sediment source fingerprinting procedure involve data treatments that are based on important assumptions which could have large effects on source apportionment results. Perhaps the most critical assumption concerns the relationships between particle size, organic matter content and tracer concentrations in sources and sediment samples. In the present study, we have shown that, contrary to many previous studies, positive linear relationships between tracer concentrations and SSA or TOC cannot be assumed to apply to all tracer properties. To explore the effect of SSA and TOC data corrections, a sensitivity analysis was undertaken to compare source apportionment results using uncorrected, SSA-corrected, and both SSA-and TOC-corrected tracer data. This sensitivity testing also compared the difference in results using mean versus median tracer concentrations to represent source categories.
The sensitivity analysis was performed on the four catchments with apparently reasonable source discrimination and model performance, namely Tamar Upper, Ottery, Carey and Tamar Gunnislake (Table 6 ). The results of the sensitivity analysis showed that the absolute difference in source estimates between mean and median source tracer values was comparatively small (0-0.07) and within the mean uncertainty range for the four catchments (0.14). SSA corrections to tracer data used in source un-mixing resulted in larger absolute differences in mean monthly source contributions, which ranged from 0 to 0.11. There was a reduction in channel bank contributions for all catchments, but the largest changes were increases to cultivated source contributions. The ranges in mean SSA correction factors used for the catchments were 0.79-0.90, 0.97-1.11 and 0.92-1.04 for cultivated, channel bank and pasture sources, respectively.
The combined SSA and TOC corrections resulted in the largest absolute differences when compared to uncorrected mean monthly data. The combined corrections resulted in changes to source apportionment results between 0 and 0.45. There was a consistent reduction in channel bank and increase in pasture contributions for all catchments (Table 6 ). The range in mean combined SSA and TOC correction factors for cultivated (0.9-1.4), channel bank (2.1-3.0) and pasture (0.5-0.8) were within the range of values used previously to correct the same source types (Collins et al., 1997) . The effect of these combined corrections was to invert the soil depth profiles of tracer concentrations, so that when concentrations in channel banks were less than pasture, use of the combined correction factors resulted in the reverse.
It is clear that use of SSA and TOC correction factors can result in large changes to source apportionment results. The evidence presented in this contribution suggests that use of TOC corrections in particular cannot be supported, given that there is no basis to assume that positive linear relationships exist between TOC and tracer concentrations across all tracer properties. As a result, use of TOC in correcting source tracer data can result in spurious source apportionment results, and those studies that have used TOC corrections are likely to contain unquantified errors. We strongly recommend that source tracer data is not corrected for differences in organic matter. Instead, the exclusion of tracers with sediment concentrations that lie outside the range of sources can be used to limit the effect of any organic enrichment on tracer properties (Martínez-Carreras et al., 2010a) . Likewise, corrections for particle size using SSA may not always be appropriate. Differences in SSA between sources may explain SSA variations in sediment rather than the effects of selective transport, while the specific relationship between different tracer properties and SSA needs to be considered on a case-by-case basis. Careful examination of the SSA characteristics of source soils and sediment is required to determine whether there is a clear transport effect controlling the particle size properties of sediment that warrants correction.
Conclusions
This study has re-examined fine sediment source fingerprinting in intensively-farmed agricultural river catchments. It focused on the discrimination and apportionment of contributions of suspended sediment from pasture, cultivated and channel bank sources. These sources have formed the major part of all previous source fingerprinting studies in agricultural catchments. Successful discrimination of land use and channel bank sources in catchments with uniform geological substrate is entirely dependent on differences in tracer property concentrations between surface and sub-surface soil (i.e. vertical controls on properties). This is based on fallout radionuclide concentrations that are surface-elevated, while many geochemical properties are surfacedepleted due to weathering and pedogenetic effects, although surface soil contamination can reverse this trend. In the present study, successful source discrimination on this basis was limited by (i) the rotation of cultivated and pasture fields such that the differences in tracer property concentrations between these two sources were less distinct and (ii) the cultivated source signature resembling a mix of the pasture and channel bank sources for many tracer properties, thereby providing poor discrimination during source un-mixing. As a result, negligible sediment contributions were apportioned to cultivated sources, despite the large areas under cultivation across the catchments.
Tracer conservative behaviour during downstream sediment transport is another key assumption underpinning sediment source fingerprinting. In agricultural catchments, it has been assumed that the land-use source signature imprinted on catchment soils is decipherable from that due to other landscape factors affecting soil and sediment properties, such as differences in geology, soil type or previous land use effects. In the present study, a combination of metal pollution from abandoned historic mines and organic enrichment of sediment from upland areas of peaty soils confounded the use of some tracer properties in several catchments. To address this, examination of the ranges in tracer concentrations in soils and sediment is essential for identifying potential non-conservative behaviour and the possible presence of un-sampled sources.
Particle size and organic matter enrichment can exert important effects on tracer concentrations in source soils and sediment. In many previous fingerprinting studies, corrections to source tracer data for differences between sources and sediment have been applied using specific surface area for particle size and total organic carbon content for organic matter. These corrections are based on the assumptions that (i) differences in particle size and organic matter content between sources and sediment are due to selective transport processes and (ii) there are positive linear relationships between concentrations of all tracer properties and SSA or TOC. Findings from this study show that both these assumptions should be routinely challenged. Variations in both SSA and TOC in suspended sediment could be largely attributed to differences in these properties between sources, with noted exceptions. Positive linear relationships between SSA or TOC and tracer concentrations did not apply to all tracer properties. Testing of corrections to tracer concentrations using ratios of sediment-to-source SSA or TOC for each source group altered the key relative differences in tracer concentrations between sources and produced unrepresentative corrected source values leading to spurious results.
Sensitivity testing showed that the use of combined SSA and TOC corrections could result in large changes to source contribution estimates that cannot be justified. Previous studies using organic matter corrections are likely to contain unquantified errors in source apportionment results and we strongly recommend that source tracer datasets are not corrected for differences in organic matter. The choice of correcting for particle size should be carefully considered alongside no correction when assessing uncertainties in source ascription. In cases where particle size corrections seem appropriate, the development of specific relationships between individual tracer properties and particle size fractions should be the preferred basis for corrections. The selection of tracer properties based on knowledge of their likely geochemical behaviour in terrestrial and freshwater environments is an essential part of the sediment source fingerprinting procedure. Statistical analysis techniques should not form a substitute for careful consideration of the physical and chemical basis of tracer property behaviour.
